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output signal. The cases studied are for a perforated electrically grounded shutter vibrating laterally over sensing
electrodes. It is shown that when modeling the output signal of the sensor, the differential charge on the sense
electrodes when exposed to vs. visibly shielded from the incident electric ﬁeld must be considered. Parametric
studies of device dimensions show that the shutter thickness and its spacing from the underlying electrodes
should beminimized as these parameters very strongly affect theMEFM signal. Exploration of the shutter perfo-
ration size and sense electrodewidth indicate that the bestMEFMdesign is onewhere shutter perforationwidths
are a few times larger than the sense electrode widths.
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Many industries employ electric ﬁeldmeasurement for various appli-
cations such as power system monitoring [1–5], electrostatic detection
[6–8], and atmospheric science [9–11]. DC electric ﬁeld measurement is
known to be comparativelymore complicated than acﬁeldmeasurement
due to the lack of cyclic variation with respect to time. Field mill de-
vices are often employed for dc ﬁeld measurement. These devices
convert the dc ﬁeld into an alternating ﬁeld by employing an electri-
cally grounded shutter to periodically shield sense electrodes from
the incident dc ﬁeld.
A few micromachined electric ﬁeld mill (MEFM) designs have been
investigated and fabricated based on the concept of the macroscopic
ﬁeld mill [12–17]. Most of the designs apply a vibrating perforated
grounded shutter to periodically shield underlying sense electrodes
from the incident dc ﬁeld (see Fig. 1). As interference from the drive
voltage can limit resolution, low voltage drives are more preferable for
increased sensitivity. In some cases, resonant motion of shutter is used
to further reduce the driving voltage. This was demonstrated by
Wijeweera et al. [17], where a resonant shutter driven by low voltage
thermal actuators was implemented. The sensor demonstrated a mini-
mum detectable ﬁeld strength at 42 V/m, which outperformed most of
the other MEFM reported [12–16]. While performance was excellent,
the sensor's structural parameters were not fully optimized, limiting is
potential sensitivity..
. This is an open access article underA study onMEFMdesign optimizationwasundertaken byGong et al.
[18] for two different designs of MEFM, perpendicular-vibration MEFM
and parallel-vibration MEFM. The structure parameters, including
width of perforations (slits in the shutter), shutter thickness, and gap
between the shutter and underlying electrodes, were optimized to
achieve a maximum amount of induced charge on the exposed elec-
trodes. These studies were based on the assumption that there would
be no induced charge on the electrodes when visibly shielded by the
shutter. However, this is not the case, as shielded electrodes are charged
by the incidentﬁeld due to fringingunder the shutter. Therefore, a study
of the operational performance of anMEFMmust consider the differen-
tial charge between visibly shielded and exposed electrodes under the
vibrating shutter.
In this paper, a study of the differential charge (shielded vs. exposed)
on the sense electrodes as a function of MEFM geometry is presented
using ﬁnite element analysis method (FEM). Comparing to the confor-
mal mapping analysis that is commonly used in this area, FEM can
more easily deal with a much more complicated structure, such as the
structure considered in this paper. Furthermore, FEM readily includes
the effect of the fringing electric ﬁeld through the shutter perforations
and incident on the lower electrodes. Accurate consideration of the
fringing ﬁeld is critical to determining the differential charging between
shielded and exposed sensor electrodes.With the FEM, the optimization
of structural parameters to maximize differential charge signal is stud-
ied. In addition, the effect of non-vertical shutter perforation geometry
is studied, in order to explore the effect of non-ideal anisotropic etch
of shutter perforations. All studies are undertaken for the case of an
electrically grounded shutter, and the shutter deﬁned to be metalthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. (a) Schematic of a typical MEFM concept. (b) Illustration showing when the
electrodes are visibly shielded by the shutter and (c) when the electrodes are exposed
to the incident ﬁeld.
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vestigated in [19].
2. Simulation parameters
The parametric study of MEFM design in this paper focuses on the
parameters in Fig. 1 of shielding shutter perforation width Sw, shutter
thickness ts, sense electrode width Ew, and shutter to electrode gap g,
in order to determine their effects on the MEFM signal. In all studies,
the thickness of the sense electrodes was 0.5 μm. All these four param-
eters are fully investigated using FEM simulations. The deﬁnitions of the
different MEFM design parameters are given in Table 1.
If we were to neglect fringing under the shutter, the amount of the
induced charge on the surface of the electrodes exposed to the electric
ﬁeld would follow:
I ¼ dQ
dt
¼ ε0εrEi dAdt ð1Þ
where Q is the amount of the induced charge on the surface of the elec-
trodes, ε0 is thepermittivity of free space, εr is the relative permittivity of
the medium, Ei is the incident electric ﬁeld strength orthogonal to theTable 1
Deﬁnition of the MEFM design parameters and the expected range of each parameter.
Parameter Deﬁnition
L Shutter perforation repetition period
SL Length of perforation in the shutter
Sw Width of perforation in the shutter
Ew Width of the electrodes
ts Thickness of the shutter
g Gap between the shutter and electrodessurface of the sensing electrodes, and A is the area of the electrodes. Ac-
cording to this equation, the induced current is proportional to the inci-
dent ﬁeld strength, and the rate of change of the surface area of the
electrodes, as they are covered by the moving shutter.
However, in a realMEFM, fringing electricﬁeld under the shutter can
induce charge on visibly shielded electrodes. The proportion of the dc
ﬁeld, which reaches the sensing electrodes, can depend greatly on Sw,
ts, and g. Therefore, to account for the fringing electric ﬁeld, FEM was
used to model the MEFM in operation. The FEM simulation settings
are discussed in detail below.
3. Simulation settings
Finite element simulations were done with COMSOL Multi-physics.
The electrostatic interface of the AC/DCmodulewas used. Both 3-D sim-
ulations and 2-D simulations were carried out. The 3-D simulation was
done ﬁrst, with the shutter and electrodes electrically grounded and the
electric ﬁeld vertically incident from above the shutter. Since the results
of the simulations for electrode charging are simply proportional to in-
cident electric ﬁeld strength, a ﬁeld of 0.1 V/mwas applied. The induced
charge on the sense electrodes when fully exposed to the incident ﬁeld
was compared to the result from the similar simulations done by Gong
et al. [18], and a strong agreement was found. With the simulation
model veriﬁed, subsequent analysis was undertaken using 2-D simula-
tions due to the lower computation time. The simulations were done
along a line bisecting theMEFM shutter following the x-axis for symme-
try. The 2-D simulations are valid as long as SL is much larger than the
other dimensions. The setup of 2-D simulations is shown in Fig. 2. The
substrate used in the simulation is not shown in Fig. 2, in order to give
a simpler picturewhich better illustrates the gold electrodes. In the sim-
ulation, the substrate lies directly under the electrodes, and was set to
be intrinsic silicon. The far side of the substrate opposite to the elec-
trodes was electrically grounded as it would be in a packaged device.
Fig. 3 compares the simulated charge on the exposed electrodes re-
sults for the 2-D and3-D simulations, to verify that the 2-Dmodel can be
used in place of themore computationally intensive 3-Dmodel. We can
see that both results show a strong similarity, with the differencewithin
a few percent. This indicates that usage of the 2-D model is appropriate
for this study.
4. Results and analysis
4.1. Shutter with rectangular cross-sectional holes
The various parametric dimensions of the MEFM are studied in this
section to determine their effect on the sense signal, for the case of a
shutter with rectangular cross-sectional perforation holes (as shown
in Fig. 1).Fig. 2. Schematic of 2-D simulations.
Fig. 3. Comparison between 2-D and 3-D results with Sw/L= Ew/L= 0.5.
Fig. 5.Differential charge (arbitrary units) on the sense electrodes as a function of Ew/L and
ts/L, with the parameters Sw/L= 0.6 and g/L= 0.1.
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Fig. 4 studies the effect of the separation distance between the shut-
ter and the sense electrodes on the MEFM signal. Results are presented
for various g/L ratios for the induced charge on exposed sense elec-
trodes, on the electrodes when visibly shielded by the shutter, and the
differential charge between these two situations. It is seen that the in-
duced charge on visibly shielded electrodes is not simply zero, illustrat-
ing the effect of fringing of the incident electric ﬁeld under the shutter. It
is important to observe that for large g/L ratios (greater than 0.5 for ex-
ample), the charge on the electrodes for both the shielded and exposed
cases is very similar. This indicates that the signal from the MEFM,
which is based on differential charge between the shielded vs. exposed
cases, is in fact very small for large g/L ratios. Therefore, whenmodeling
an MEFM, it is important to consider the differential charge, and not
simply the charge on the electrodes when exposed to the incident ﬁeld.
It is seen in Fig. 4 that the differential charge between the exposed
and visibly shielded cases increases rapidly as the g/L ratio becomes
small. For example, reducing the g/L ratio from 0.5 to 0.1 increases the
differential charge approximately 20×. This indicates the importance
of reducing the gap spacing between the shutter and the underlying
electrodes when optimizing the design of an MEFM.4.1.2. Differential charge as a function of Ew/L and ts/L
Fig. 5 studies the effect of shutter thickness and electrode width on
the differential charge on the sense electrodes with other parameters
ﬁxed (Sw/L=0.6, g/L=0.1). It is clearly seen that the differential charge
increases with reducing ts/L ratio. The differential charge increasesFig. 4. Amount of the induced charge on exposed and shielded electrodes. Red curve
(circle data points) is for exposed electrodes, blue curve (cross data points) is for
shielded electrodes, and the green curve is the differential charge. Other parameters are
set as ts/L= Ew/L= 0.4, Sw/L= 0.6.approximately 50× going from ts = 0.9L to ts = 0.2L, indicating the
strong importance of reducing the shutter thickness. Clearly, a thicker
shutter reduces the ability of the incident dc electric ﬁeld to pass
through the shutter perforations.
The electrode width also is of importance. A maximum in the signal
can be observed for Ew/L less than approximately 0.4 for all cases of ts=
0.9L to ts=0.2L. This coincides with the situation of Sw + Ew= L, since
Sw/L=0.6 in these simulations. This could lead one to conclude that the
electrodewidth should not be larger than the shielding area of the shut-
ter. However, this is not the case, as will be seen in the studies of Figs. 7
and 8.
4.1.3. Differential charge as a function of g/L, Ew/L, and ts/L
Fig. 6 adds another axis to Fig. 5, to additionally explore the ratio of
g/L. A clear increase in the differential charge can be seen with decreas-
ing g/L, indicating that the importance of reducing the gap spacing be-
tween the shutter and the underlying electrodes continues to apply
when the other parametric conditions are varied.
4.1.4. Differential charge as a function of Sw/L and ts/L
Fig. 7 studies the effect of shutter perforation width on the differen-
tial charge with other parameters ﬁxed (Ew/L = 0.4, g/L = 0.1 in thisFig. 6.Differential charge on the sense electrodes for different parameters,with Sw/L=0.6.
Fig. 7. Differential charge on the sense electrodes of the MEFM as a function Sw/L and ts /L,
and with the parameters Ew/L= 0.4 and g/L= 0.1.
Fig. 9.Differential charge on the sense electrodes as a function of theparameters Sw and Ew
for different g/L and with ts/L= 0.2.
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Sw/L curves. For ts=0.2Lmaximization of the differential charge occurs
at approximately Sw/L= 0.7, and at the larger ts = 0.3L the maximum
appears at the slightly higher Sw/L = 0.8. These data indicate that the
best MEFM design is one where shutter perforations are larger than
the sense electrodes. The optimum ratio between Ew/L and Sw/L is
studied further in Fig. 8.4.1.5. Differential charge as a function of Sw/L and Ew/L
Fig. 8 explores the optimum relationship between Sw and Ew. Other
parameters are ﬁxed at ts/L= 0.2 and g/L= 0.1. The contour lines indi-
cate that the combination of Sw/L and Ew/L affects the induced charge,
with a maximum differential charge approximately occurring for Ew/
L= 0.2 and Sw/L= 0.7. Fig. 9 illustrates that this phenomenon is com-
mon for various g/L ratios. The data of these Figs. 8 and 9 show that
the best MEFM design is one where shutter perforations are approxi-
mately 3.5× the size of the sense electrodes (for the case with ts/L =
0.2).Fig. 8.Differential charge on the sense electrodes as a function of the parameters Sw and Ew
with ts/L= 0.2 and g/L= 0.1.4.2. Shutter with trapezoidal cross-sectional holes
The investigation of this section is of a shutter having perforation
holes with a sloped cross-sectional proﬁle (20% slope), thus giving
the shutter body a trapezoidal cross section (Fig. 10). While the rect-
angular cross-sectional proﬁle explored in section A above indicates
the idealized structure of the shutter for an MEFM, the trapezoidal
cross-sectional proﬁle can be more indicative of the shutter perfora-
tion sidewall proﬁle caused by non-ideal anisotropic etching in many
microfabrication processes.
4.2.1. Differential charge as a function of Ew/L and ts/L
Fig. 11 shows how the induced charge on the electrodes varies along
Ew/L for different ts/L, with Sw/L=0.6 and g/L=0.1.We can see the dif-
ferential charge increaseswith reducing ts/L and Ew/L, which is similar to
the result of Fig. 5 for the case of the shutter with rectangular cross sec-
tion. However, comparing both Figs. 5 and 11,we can see that the differ-
ence in induced charge with changing ts/L is not as large, with the
differential charge only increasing approximately 10× going from
ts = 0.9L to ts = 0.2L.
4.2.2. Differential charge as a function of g/L, Ew/L, and ts/L
Fig. 12 introduces another axis to Fig. 11, to additionally explore the
ratio of g/L. A clear increase in differential charge is seen for decreasing
g/L.
4.2.3. Differential charge as a function of Sw/L and ts/L
In Fig. 13, the differential charge is plotted over various Sw/L and ts/L.
For all ts/L ratios, a clear peak can be observed. By comparison with theFig. 10. Schematic view of the trapezoidal shutter cross section.
Fig. 11.Differential charge on the sense electrodes for trapezoidal slot shutter as a function
of Ew/L and t /L, with the parameters Sw/L= 0.6 and g/L= 0.1.
Fig. 13. Differential charge (arbitrary units) on the sense electrodes of the MEFM for
trapezoidal slot shutter as a function Sw/L and ts /L, and with the parameters Ew = 0.4L
and g= 0.1L.
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0.2 and 0.3.
4.2.4. Differential charge as a function of Sw/L and Ew/L
Fig. 14 shows the difference in induced charge for Ew/L and Sw/Lwith
other parameters ts/L= 0.2, and g/L= 0.1. As with Fig. 8, the contour
lines indicate the combination of Sw/L and Ew/L affects the induced
charge, with a maximum again occurring approximately for Ew/L =
0.2 and Sw/L= 0.7. Fig. 15 illustrates that this phenomenon is common
for various g/L ratios.
5. Validation
The geometry of Fig. 4 provides the basis of all simulation studies of
this paper. Accordingly, experimental veriﬁcation of the result shown in
Fig. 4 would give conﬁdence in the subsequent studies. Fig. 4 also illus-
trates the importance of the differential charge rather than only the in-
duced charge on the visually exposed electrodes array.
For the experiment of validation, a scale model of the simulated
MEFMwas constructed (shown in Fig. 16) that duplicated the structure
of Fig. 1a. An aluminum shutterwas fabricated, such that the perforationFig. 12.Differential charge on the sense electrodes for trapezoidal slot shutter for different
parameters, with Sw/L= 0.6.period Lwas set at a 0.64 cm length, andwith Sw, Ew, and ts all set at one-
half of L (ts/L= Ew/L= Sw/L=0.5). Two sets of electrodeswere fabricat-
ed on a copper coated PC board and placed below the shutter, such that
one electrode set was exposed (aligned to the shutter perforations) and
the other electrode set was visibly shielded by the shutter from the ﬁeld
source. The ﬁeld source was a large area aluminum plate placed 2.5 cm
above the shutter, with a second grounded reference aluminum plate
placed directly under the PC board containing the electrodes. This will
result in an incident electric ﬁeld perpendicular to the surface of the
shutter. For these measurements, the shutter was elevated as required
above the electrodes using dielectric spacers. Measurements were
taken with the scale model placed inside an electrically shielded alumi-
num box.
For the experimental veriﬁcation, a pulsed DC ﬁeld was applied in
order to enable lock-in frequency ﬁltering and so reduce electrical
noise. Applying a pulsed DC ﬁeld is valid as long as the wavelength of
the effective ﬁeld is much larger than all dimensions of the scale
model, as is the case in a real MEFM. The charges on both the visibly
shielded and exposed electrodes under the shutter were measured for
various g. Measurements were taken using a lock-in ampliﬁer (Stanford
Research Systems SR830DSP)whose band-passﬁlter was synchronizedFig. 14. Differential charge on the sense electrodes for a trapezoidal shutter cross section
over Sw and Ew with ts/L= 0.2 and g/L= 0.1.
Fig. 15. Differential charge on the sense electrodes for a trapezoidal shutter cross section
over Sw and Ew for different g/Lwith ts/L= 0.2.
Fig. 17. Output of the scaled ﬁeld mill with a 0.2 ms pulsing electric ﬁeld, with ts/L= Ew/
L= Sw/L= 0.5.
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the pulsed dc ﬁeld was 50 V amplitude at 5 kHz, resulting in an incident
ﬁeld of approximately 2 kV/m at the shutter surface. The wavelength of
the pulse ﬁeld is calculated to be 6 × 104 m, which is much larger than
the opening in the shutter. The pulsed induced charge was input to a
transconductance ampliﬁer with a gain of 1.2 × 106 V/A, before being
input to the lock-in ampliﬁer whose was set to 50×, with a noise inte-
gration time of 3 s.
Fig. 17 shows the output signal of two electrode sets (shielded and
exposed) and the normalized differential signal. Error bars are shown
on the differential signal measurement. These were experimentally de-
termined by a set of 16 calibration measurements involving re-
assembly of the apparatus for a zero signal case using a 100% solid shut-
ter. Comparedwith the results for various g from the simulation of Fig. 4,
signiﬁcant similarity can be observed. First, an induced charge does in-
deed exist on the visibly shielded electrodes as predicted by the FEM
modeling of the fringingﬁeld under the shutter shown in Fig. 4. This val-
idates the importance of considering the differential charge inmodeling
ﬁeld mill devices. Second, the measured charge curves for both the ex-
posed and shielded electrodes follow a similar decreasing-then-
converging tendency as predicted in Fig. 4. Finally, the measured differ-
ential charge between the exposed and visibly shielded electrodes is
similar to that of Fig. 4. Fig. 18 plots a comparison of the simulatedFig. 16. Schematic view of the layout udifferential charge this experiment with the measured result of Fig. 17,
showing the close agreement within the shown error bars.
6. Conclusion
This paper explores the output signal of an MEFM for varying struc-
tural geometry in order to determine the best geometric design tomax-
imize sense signal sensitivity. It is shown that the output signal is based
on the differential charge (exposed vs. shielded) on the sense elec-
trodes, and not simply on the charge when the electrodes are exposed
to the incident electricﬁeld. Two designs presented, ﬁrst for an idealized
shutterwith vertical perforation sidewalls and second for a shutter with
moderately sloped sidewalls.
The parameters of the shutter perforation width Sw, shutter thick-
ness ts, sense electrode width Ew, and shutter to electrode gap g were
studied in relation to each other and with respect to the total shutter
perforation repetition period L. It is found that shutter thickness and
gap spacing between the underlying electrodes should be minimized
asmuch as possible as they very strongly affect theMEFM signal. Explo-
ration of Sw and Ew shows that the bestMEFMdesign is onewhere shut-
ter perforations are approximately 3.5× the size of the sense electrodes.
Acknowledgments
This research was ﬁnancially supported by the Natural Sciences and
Engineering Research Council (NSERC) of Canada, and by the Manitoba
Hydro of Winnipeg, Canada.sed in the validation experiments.
Fig. 18. Comparison of the measured and simulated differential charge for the
experimental setup with ts/L= Ew/L= Sw/L= 0.5.
37Y. Zhou, C. Shafai / Sensing and Bio-Sensing Research 9 (2016) 31–37References
[1] P. Sarma Maruvada, R.D. Dallaire, R. Pedneault, Development of ﬁeld-mill instru-
ments for ground-level and above-ground electric ﬁeld measurement under HVDC
transmission lines, IEEE Trans. Power Appar. Syst. PAS-102 (1983) 738–744.
[2] I. Ramirez-Vbzquez, R. Hemhdez-Corona, G. Montoya-Tena, Diagnostic of
nonceramic insulators aged in a salt fog chamber by using electric ﬁeld sensor,
2004 IEEE Int. Symp. on Electrical Insulation, Indianapolis, USA 2004, pp. 471–474.
[3] G.H. Vaillancourt, S. Carignan, C. Jean, Experience with the detection of faulty com-
posite insulators on high-voltage power lines by the electric ﬁeld measurement
method, IEEE Trans. Power Deliv. 13 (1998) 661–666.
[4] C. Peng, P. Yang, S. Liu, H. Zhang, K. Feng, S. Xia, Detecting internal defect of non-
ceramic insulators using a novel micromachined electric ﬁeld sensor, 24th IEEE
Int. Conf. on Micro-Electromechanical Sys., Cancun, Mexico 2011, pp. 561–564.
[5] H. Okubo, A. Sawacla, K. Kato, M. Hikita, Direct measurement of electric ﬁeld using
Kerr electro-optic method in transformer oil pressboard composite system at dc po-
larity reversal, IEEE Int. Symp. on Electrical Insulation, Arlington, USA, 2 1998,
pp. 486–489.
[6] C.J. Dahn, B.N. Reyes, A. Kashani, J. Finkelshtein, Electrostatic hazards of explosive
propellant and pyrotechnic powders, Electrical Overstress/Electrostatic Discharge
Symp. 1998, pp. 139–150.
[7] G. Luttgens, S. Luttgens, Preventing electrostatic hazards of ﬂexible intermediate
bulk containers, IEEE Ind. Appl. Conf. 1 (2000) 666–669.[8] M. Glor, Electrostatic ignition hazards associated with FIBC ﬁlling or emptying and
presently available FIBC safety design types, IEE Colloquium on Hazards in Powder
Handling with FIBCs: Standards, Measurements and Case Studies (Digest No.
1997/001) 1997, pp. 2/1–2/3.
[9] R. Vishnu, V.A. Kumar, T.S. Sreekanth, V.N. Subi Symon, S.M. Das, G.M. Kumar, For-
mation of thunderclouds in a region of high lightning incidence, inferred from
AWS, ceilometer and an electric ﬁeld mill, 7th Asia-Paciﬁc Int. Conf. on Lightning,
Chengdu, China 2011, pp. 135–139.
[10] L.R. Barnum, J.C. Bailey, D.M. Mach, M.F. Stewart, H.J. Christian, Study of triggered
lightning: the airborne ﬁeld mill program, 10th Int. Geoscience and Remote Sensing
Symp. 1990, pp. 1901–1904.
[11] J. Singye, K. Masugata, T. Murai, I. Kitamura, K. Kontani, Thunderstorm tracking sys-
tem using neural networks and measured electric ﬁelds from few ﬁeld mills, IEEE
Int. Symp. Circ. Syst. (2005) 5126–5129.
[12] M.N. Horenstein, P.R. Stone, Amicro-aperture electrostatic ﬁeldmill based onMEMS
technology, J. Electrost. 51-52 (2001) 515–521.
[13] C. Peng, X. Chen, Q. Bai, L. Luo, S. Xia, A novel high performance micromechanical
resonant electrostatic ﬁeld sensor used in atmospheric electric ﬁeld detection,
19th IEEE Micro-Electromechanical Sys. Conf., Istanbul, Turkey 2006, pp. 698–701.
[14] P.S. Riehl, K.L. Scott, R.S. Muller, R.T. Howe, J.A. Yasaitis, Electrostatic charge and ﬁeld
sensors based on micromechanical resonators, IEEE J. Microelectromech. Syst. 12
(2003) 577–589.
[15] X. Chen, C. Peng, T. Hu, C. Ye, Q. Bai, S. Chen, S. Xia, Thermally driven micro-
electrostatic ﬁeldmeter, Sensors Actuators A Phys. 132 (2006) 677–682.
[16] C.H. Hsu, R.S. Muller, Micromechanical electrostatic voltmeter, Int. Conf. Solid-State
Sensors Actuators (1991) 659–662.
[17] G.Wijeweera, B. Bahreyni, C. Shafai, A. Rajapakse, D.R. Swatek, Micromachined elec-
tric ﬁeld sensor to measure ac and dc ﬁelds in power systems, IEEE Trans. Power
Deliv. 24 (2009) 988–995.
[18] C. Gong, S. Xia, K. Deng, Q. Bai, S. Chen, Design and simulation of miniature vibrating
electric ﬁeld sensors, Proc. IEEE Sensors 3 (2004) 1589–1592.
[19] Z. Yu, C. Shafai, Investigation of a micromachined electric ﬁeld mill using dielectric
shutter, Proc. of Eurosensors, Brescia, Italy, 2014.
Yu Zhou is a PhD student at the Department of Electrical and Computer Engineering, Uni-
versity of Manitoba, Winnipeg, Manitoba, Canada. He received his BSc (Electrical Engi-
neering) at the Beijing Institute of Technology in 2005 and his MSc (Electrical
Engineering) at the University of Manitoba. His current research includes MEMS-based
electric ﬁeld sensors and MEMS-based deformable mirror system for adaptive optics.
Cyrus Shafai is a professor at Department of Electrical and Computer Engineering, Univer-
sity of Manitoba. He received the B.Sc. and M.Sc. degrees in electrical engineering at the
University of Manitoba, Winnipeg, Canada, in 1990 and 1993, respectively, and the Ph.D.
degree in electrical engineering at the University of Alberta, Edmonton, Canada, in 1997.
He is currently serving as the Director of the University of Manitoba Nano-Systems Fabri-
cation Laboratory. His current research includes RF MEMS and engineered RF surfaces,
electric ﬁeld measurement, MEMS sensors and actuators, and adaptive optics.
